ABSTRACT When a single-fibre composite test is performed to obtain information about the interfacial adhesion in a composite, a gradual strain increase often causes an opaque (black) cylinder to nucleate at, and grow from, the fibre failure sites. The nature of the opaque cylinder is difficult to ascertain using optical microscopy. This is the subject of the present note. To study the inside of the opaque cylinder we use several experimental methods based on imaging the failed region: optical microscopy, laser Raman spectroscopy and scanning electron microscopy. Mechanical models, including FEM analysis and analytic equations based on the shear-lag approach, are used to discuss the experimental work. The nature and growth mechanism of the opaque cylinder are of importance in defining the parameters and/or contributions that appear in both the force balance and the energy balance schemes.
INTRODUCTION
Fragmentation testing has been widely used to evaluate interfacial properties in composite materials [1] [2] [3] . In such experiments, upon mechanical loading of the composite, the fibre gradually breaks into many fragments. The breaking process ends when the average fragment length becomes very small and reaches a critical length, at the saturation limit. The average breaking stress, and the average length of the fragments at the saturation limit, are characteristic parameters that are related to the efficiency of the stress transfer through the interface. Data processing from a fragmentation test consists of the calculation an interfacial adhesion parameter either from the distribution of fragment lengths using a force balance approach based on the Kelly-Tyson model [4] , or from the measurement of a debonding length using energy balance schemes [5] [6] [7] [8] . The latter approach is often considered to be more universal. Numerical modelling based on finite element analysis [9] is also employed.
Whereas most of the existing approaches concentrate on the stage of break saturation, very little has been done to draw on the post saturation process under further straining. In particular, it is plausible that an energy balance performed at that stage could result in the fibre matrix interfacial energy. Thus, we focus on the interfacial debonding propagation stage occurring after the saturation point, where all fragments are smaller than the critical fibre length and no more fibre breaks occur. A continual increase of the stress causes an opaque (black) cylinder to nucleate and grow. The nature of this cylinder is difficult to ascertain. Two possibilities arise: (1) matrix-matrix debonding occurs, leading to darkening of the area, but the fibre is still present inside the opaque region; (2) plastic strain in the matrix around the fibre break causes a simultaneous movement of the fibre fragments and the connected matrix away from the breakage point, leaving a vacuum (the opaque cylinder) behind it. Here we use an unsised E-glass fibre in an epoxy matrix to show that both arguments above must simultaneously be invoked to explain the observations. Understanding the nature and growth mechanism of the opaque cylinder should lead to a better definition of the processes involved in the damage propagation stage, and thus of the parameters and/or contributions that appear in both the force balance and the energy balance schemes.
EXPERIMENTAL
Microcomposite specimens were prepared using an epoxy matrix (Rütapox L20/Rütapox SL, from Bakelite AG, Germany) and an untreated E-glass fibre (denoted TN0, average diameter 16 mm, from PRI, Dresden, Germany). The epoxy matrix was prepared by mixing the liquid epoxy resin with its hardener, using a 1:0.34 ratio by weight, and degassing air bubbles using a vacuum pump. Two 80-micron spacers were placed on a 7 x 7 cm 2 aluminum plate covered with Teflon sheets. Preloaded (0.9 GPa) glass fibres were placed over the plate, glued at the edges by a cyano-acrylate fast adhesive (Devcon Super-glue). The liquid epoxy matrix was spread onto the plate, and the epoxy film was covered with a second aluminum plate covered with Teflon sheets. Additional 6-kg weights were added on the plates and the whole assembly was cured at 80°C for 6 hours in a temperature-controlled oven. After cooled to room temperature, specimens were cut to size (15 mm x 2.14 mm x 0.200 mm) using a homemade cutter, with cardboard tabs glued to the sample ends using Poxipol adhesive.
Mechanical tests were performed using a homemade micro-tensiometer (HBM 20-kg load cell, Wagezelle) placed on an optical microscope (ZEISS HBO) and monitored by a video camera. Single fibre micro-composites were strained at a rate of 4.5 mm/min. Stresses and strains were recorded, and fibre diameters and debond lengths were measured on the video monitor by means of a videomicrometer (Colorado Video, Inc). The samples were strained until the saturation point was reached, and then further strained beyond that limit. Once the black cylinder developed, its length was measured from an arbitrary point. Optical and scanning electron microscopy were used to examine a series of fractured specimens. Raman spectroscopy measurements were also obtained using a Raman microscope (LEICA DMLM, Renishaw, Helium Neon laser source 633 nm, and 20 mW) and a homemade micro-tensiometer (Actuator 850F).
Finite Element Analysis (ANSYS 5.6) was used to model elastic and plastic behaviour. To simplify the analysis, one quarter only of the axisymmetric cylinder cross-section was used. Solid 8-node axisymmetric elements capable of handling non-linear materials were used. The generated mesh was refined at points of stress concentration (end of the fibre). Both materials (glass fibre and epoxy resin) were modelled as isotropic materials. For the fibre: elastic modulus E=72 GPa, Poissons ratio n=0.2, coefficient of thermal expansion (CET) a=5.04·10 -6 1/K. For the matrix: E=2.6 GPa, n=0.4, a=60·10 -6 1/K. An experimental tensile stress-strain curve ( Fig. 1 ) was used to define the non-linear behaviour of the matrix. All dimensions were normalised with respect to fibre radius. These dimensions were obtained from experimental data, as follows: fibre diameter: 15 mm, fragment length: 510 mm, specimen thickness: 165 mm, initial gap length: 30 mm, initial fragment length: h=32r f . Thermal shrinkage (and induced thermal strains and stresses) was modelled by applying a temperature field of -60 K to all elements. This is similar to the temperature difference between curing temperature and room temperature.
A primary assumption in the energy models above is that only interfacial debonding is involved in the fracture process following fibre breakage. Fig. 3 may be used to question this point, as it shows (1) the growth under increasing tension of an opaque cylinder created after a fibre breaks, and (2) the change in shade of the same region as a result of releasing the stress. Colour changes (from clear to dark) reflect an alteration in the local index of refraction. The presence of both dark and gray regions after stress release implies that full reversibility is not possible. In other words, a portion of the matrix close to the initial fibre break location may have undergone plastic deformation. From these pictures it is difficult to establish whether any material is present inside the cylinder, whether it is purely a debond zone, or an empty cavity created by the retraction of the glass fibre. The distinction is important because the energy released by debonding is different from that released by the growth of an empty cavity due to matrix yielding. Moreover, the fragment length, an important parameter in all micromechanical calculations, is significantly different in both cases. To resolve this issue, we have performed observations based on optical microscopy; laser Raman spectroscopy and scanning electron microscopy.
Evidence for plastic deformation optical microscopy
The growth under strain of opaque cylinders around fibre breaks was monitored, as illustrated in Fig. 4 .
Length changes between marks in the matrix were used to estimate local strains in the vicinity of the original fibre break. We calculated that under an applied (far-field) strain of 0.09, the local strain is much larger, of the order of 0.25-0.30, thus well into the plastic region (the yield strain of this epoxy matrix is about 0.05). Moreover, the length of the initial fragment length between two fibre breaks varies by 4 to 5 percent at most, whereas the distance between the centres of the cylinder increases by about 38 percent. Since glass cannot elongate by more than 3-5 percent, it would appear that a large portion of the cylinder is an empty cavity. We noted that it was impossible to visualize the presence or absence of glass in the cylinder from optical microscope observations only. Indeed, following relaxation of the specimens, a SEM micrograph (for example, Fig. 5 ) shows a fibre end at some distance below the failed matrix surface. From the projected depth of the fibre, the true depth of the fibre was found to be 1.23 fibre diameters, which does not correspond to any visible point on an overall picture of the cylindrical region.
Evidence for plastic deformation and
debonding Raman microscopy A Raman microscope was used to collect and identify the wide fluorescence peaks emitted by the material inside the cylindrical cavity under stress. We first calibrated the experiment by taking spectra of a pulled-out glass fibre, on the one hand, and of the corresponding empty cylinder, on the other hand. This is illustrated in Figures 6a and 6b . Note from Fig. 6a that the length of the pulled out fibre is shorter than the half-cavity from where it was extracted from, which again seems to imply that the matrix was plastically deformed. Fig. 6b shows the marked differences between the spectra. Focusing on the 3070 cm
band, cavities have an intensity of about 2000-5000 (in arbitrary units), whereas glass fibres embedded in matrix have intensity ranging around 16.000-20.000. Pulled-out glass fibres have intensities reaching 30.000. The error range in each case is due to focusing variability, as the laser beam is probing a surface that is not flat.
The second step consisted in probing single fibre micro-composites in tension under the Raman microscope. A typical fibre break and associated cavity are shown in Fig. 7 . Measurements were taken beyond fragmentation saturation. Under a strain of 4-5%, the Raman spectrum of the black cylinders produced intensity values of 2.000-7.000, while the fibres embedded in the matrix yielded values of 18.000-25.000. Based on the calibration data, we conclude that the cylinders are empty cavities. However, in the very middle of the cavity, at the original breaking-breaking site, the intensity values abruptly climb to about 18.000-25.000 units, implying that traces of broken glass due to the original local fracture are still present, possibly embedded in the surrounding matrix.
As the tensioning force was progressively released, the fluorescence intensity in the cylinders climbed back to 18.000-25.000 although no visual difference could be detected under the microscope. This was interpreted as a sliding of the fibre ends back toward each other, due to elastic contraction of the matrix. The fluorescence signal shows that this is a reversible process: upon reloading, the cylinder empties again. This experiment provides solid evidence of a retraction mechanism in the fragmentation propagation stage. Both plastic deformation and interfacial debonding must accompany the fragmentation process.
Finite element analysis
A finite element model (FEM) was used to calculate local strains in the vicinity of a fibre break. An initial gap between the fragments was included (representing the fibre retraction created immediately after fibre fracture). A perfect matrix-matrix interface was assumed to be present (thus ignoring interfacial debonding). The fibre was assumed to be linear elastic. The main results are shown in Fig. 8 . Due to yielding (including shear yielding close to the interface), the extension of the matrix was found to be much larger than that of the fibre. Under 5% global strain, we found that the stress in the matrix does not exceed 82 MPa, except at the fibre end. Compressive stresses in the matrix were also observed, due to Poisson ratio and CET mismatches. In contrast with the reasonable values of axial stress, the axial strain in the matrix reached values of 10-12%, and up to 33% close to the fibre end and along a thin region at the matrix/matrix interface. This calculation demonstrates the possibility of highly localized matrix plastic deformation of matrix and, as a result, slippage of the matrix with respect to the fibre. This may account for the growth of an empty cavity during loading. We also studied the shear stress distribution, which yielded similar conclusions.
CONCLUSIONS
The main phenomenon associated with post saturation fragmentation is the formation of opaque regions on both sides of each break. The nature and growth mechanism of the opaque cylinder are of importance in defining the parameters and/or contributions that appear in both the force and energy balance schemes used in the interpretation of the fragmentation test. The opaque regions were studied in the present work using optical microscopy and fluorescence spectra. Under stress, the fluorescence spectra provide evidence for the absence of the fibre in the opaque region, except at its mid point, where traces of glass are observed. FEM calculations provide numerical support for the high local strains.
On the basis of the experimental observations it is concluded that post saturation fragmentation tests must account for the formation of zones of extensive matrix plasticity in the vicinity of the fibre break sites. Hence the work of plastic deformation of the matrix in the vicinity of the breaks must be accounted for in the energy balance scheme if an accurate value of the fibre matrix interfacial energy is to be derived. ACKNOWLEDGMENTS H.D. Wagner is the incumbent of the Livio Norzi professorial chair.
